Monitoring for alloreactive memory T cells after organ transplantation may allow individualization of immunosuppression. Two pathways of T cell allorecognition have been implicated in chronic graft dysfunction: Direct (recipient T cells respond to donor peptides presented by donor antigen-presenting cells) and indirect (donor peptides are processed and presented by recipient antigen-presenting cells). Previous studies have assessed these alloresponses only during the first 2 yr after kidney transplantation, so this study correlated the presence of circulating donor-reactive memory/effector T cells, primed by both pathways, in 34 longstanding living-donor renal transplant recipients using the highly sensitive IFN-␥ Elispot assay. Remarkably, 59% of patients had directly primed donor-reactive T cells, and their presence correlated directly with serum creatinine (P ϭ 0.001) and inversely with estimated GFR (P ϭ 0.042). Multivariate analysis revealed that hyporesponsiveness of direct, donor-specific T cells was the only variable that significantly correlated with graft function and that antidonor indirect alloreactivity was the only variable that significantly correlated with proteinuria. Interestingly, when both allorecognition pathways were considered together, patients with undetectable direct alloreactivity had better longterm graft function, independent of allosensitization by the indirect pathway. In conclusion, circulating donor-specific alloreactive T cells primed by both pathways are detectable long after transplantation and are associated with graft injury. Assessment of alloreactive memory/effector T cells might be helpful to tailor individual immunosuppression regimens for transplant recipients in the future.
The development of interstitial fibrosis and tubular atrophy 1 is the main cause of chronic allograft dysfunction and therefore of graft loss after renal transplantation. 2, 3 Besides nonimmunologic factors, both cellular and humoral alloimmunity contribute to the pathogenesis of chronic allograft damage. 4 -9 Thus, monitoring donor-specific alloimmune responses at different time points after transplantation is an important challenge to recognize the immunologic state of patients who undergo transplantation.
T cells are the key initiators and mediators of alloimmune responses. Alloreactive T cells recognize HLA-mismatched tissue via two different pathways: In the direct pathway, responder T cells recognize intact foreign MHC-peptide complexes on the surface of donor antigen-presenting cells (APC). 10 -14 In the indirect pathway, T cells recognize donor allopeptides on self-MHC molecules after having been processed and presented by recipient APC. [15] [16] [17] During the past few years, the relevance of both pathways of antigen allorecogni-tion for long-term graft outcome has controversially been discussed. Priming by the direct pathway has classically been associated with the early posttransplantation period and especially with acute rejection, because professional donor APC are present during the first months only. 15, 18, 19 In contrast, priming by the indirect pathway was suggested to play a main role in the long term; therefore, indirectly primed T cells were considered key mediators for chronic immune-mediated graft injury. 20 -23 However, recent studies suggest that both pathways may persist and be of relevance for interstitial fibrosis and tubular atrophy. Notably, Herrera et al. 24 demonstrated how recipient dendritic cells (DC), when co-cultured with allogeneic DC or endothelial cells (EC), can acquire substantial levels of allogeneic MHC-peptide complexes and subsequently prime T cells by both allorecognition pathways. Hence, early directly primed T cells could be maintained and reactivated by graft cell populations such as graft EC but also by recipient DC at later time points. Previous studies have simultaneously investigated direct and indirect naive and memory T cell responses during the first 2 yr after transplantation only. We wondered whether both pathways would be detectable long after transplantation and correlate with chronic graft dysfunction; therefore, frequencies of IFN-␥-producing donor-reactive T cells primed by both allorecognition pathways were investigated in a group of 34 longstanding living-donor kidney transplant patients. The IFN-␥ Elispot assay was used as a highly sensitive functional tool assessing only primed memory/effector T cells. Importantly and different from previous experiences, cytoplasmic membrane protein preparations of donor allogeneic cells were used for Elispot stimulation in the indirect pathway to have the full allogeneic HLA and non-HLA epitope repertoire.
RESULTS

Clinical Data
Patient demographic characteristics and most relevant clinical data are shown in Tables 1 and 2 , respectively. In these 34 longstanding (56.2 Ϯ 23.6 mo) living-donor renal transplant recipients, we found that patients who had experienced acute rejection (n ϭ 16) had significantly worse serum creatinine than nonrejectors (n ϭ 18; 2.1 Ϯ 1 versus 1.5 Ϯ 0.4 ml/min; P ϭ 0.007). Patients with late acute rejection episodes (n ϭ 12), depicted as later than month 3 after transplantation, showed significantly worse serum creatinine (2.2 Ϯ 2.2 versus 1.5 Ϯ 0.5 ml/min; P ϭ 0.019) compared with the rest (n ϭ 22). Patients with more than one acute rejection event (n ϭ 10) had a trend to have worse serum creatinine (2.2 Ϯ 1.2 versus 1.6 Ϯ 0.5; P ϭ 0.051) than the rest (n ϭ 24). No relation was observed by univariate analyses between renal function (both serum creatinine and GFR by Modification of Diet in Renal Disease [MDRD] ) and number of donor/recipient HLA mismatches, different maintenance immunosuppressive therapy, donor and recipient age, gender, proteinuria, and time after transplantation. Likewise, no clinical variable was associated with presence of proteinuria (data not shown).
Elispot Monitoring
All 34 patients could successfully be tested by the direct pathway and 33 by the indirect pathway. In all cases, cell Twenty (58.8%) of 34 patients had detectable direct Elispot . Despite that 14 patients had positive response in both pathways and eight showed no donor-specific alloreactivity by any pathway, no relation was observed between both allorecognition pathways in the univariate analyses (P ϭ 0.28).
Direct Pathway of Antigen Allorecognition
Twenty (58.8%) patients had a positive donor-specific direct pathway Elispot. Directly primed alloreactive T cell frequencies were positively correlated with serum creatinine and inversely with the GFR-MDRD ( Figure 2A) ; however, no corre- CLINICAL RESEARCH www.jasn.org lation was found with presence of proteinuria (data not shown). Although no relationship was found between direct alloreactivity and history of acute rejection in general, patients with late acute rejection events (n ϭ 12) had significantly higher direct frequencies than the others (n ϭ 22; Figure 2B ). Likewise, patients with more than one acute rejection episode (n ϭ 10) had significantly higher direct frequencies (117.5 Ϯ 127.2 versus 37.8 Ϯ 71.2; P ϭ 0.026).
Fourteen (41.2%) of 34 patients were donor-specific hyporesponders and had significantly better graft function than non-donor-specific hyporesponder patients ( Figure  3) . Interestingly, the higher the number of donor/recipient HLA mismatches, the higher donor-specific IFN-␥ frequencies were detected (Figure 4 ). In addition, direct alloreactivity was also positively correlated with positive frequencies against a third party (r ϭ 0.551, P ϭ 0.001). In contrast to antidonor alloresponses, the third-party alloresponses did not correlate with graft function. No association was observed between direct alloresponses and time after transplantation (data not shown).
Indirect Pathway of Antigen Allorecognition
Twenty (60%) of 33 tested patients had a positive donor-specific indirect pathway Elispot. No correlation was found between positive indirect alloresponses and either serum creatinine or GFR-MDRD. Also, no association was observed between this pathway and any history of acute rejection. Conversely, presence of proteinuria was significantly associated with high donor-specific indirect alloreactivity ( Figure 5A ). Moreover, the indirect pathway Elispot positively correlated with time after transplantation; that is, the longer the patient had had a transplant, the higher donor-specific alloresponse by this pathway was detected ( Figure 5B ). In line with the results of the direct pathway, frequencies of donor-specific indirect alloresponses positively correlated with frequencies against third party (r ϭ 0.585, P ϭ 0.001). Nevertheless, third-party responses did not correlate with either proteinuria or graft function. These data suggest that only the direct pathway is related to creatinine and GFR-MDRD. No relation could be observed regarding the presence of proteinuria and total cellular alloreactivity (data not shown).
Global Cellular Alloreactivity
Circulating Donor-Specific Alloantibodies and T Cell Alloreactivity
Only one of 33 screened patients had circulating donor-specific alloantibodies (DSA) after transplantation. This particular patient had a positive indirect but a negative direct pathway Elispot.
Multivariate Analyses
We studied in a multivariate analysis variables that were associated with renal function and proteinuria in the univariate test, as well as other relevant variables influencing outcome, such as acute rejection, time after transplantation, and HLA mismatch (Table 3) . No patient experienced delayed graft function; therefore, it was not included in the analysis. As shown in Table 3 , only donor-specific hyporesponsiveness was a significant correlate of serum creatinine, although acute rejection reached P ϭ 0.08. Regarding proteinuria, the antidonor indirect pathway Elispot was the only significant correlate of all variables analyzed. 
DISCUSSION
Progressive renal allograft dysfunction, depicted as a continuum between graft inflammation and fibrosis, appears over time. 25 Despite that it has been claimed that immunologic and nonimmunologic factors are engaged in the development of chronic allograft damage, the contribution of the donor-specific alloimmune response is still not routinely assessed nowadays. Thus, searching for biomarkers of alloimmunity could be useful, even late after transplantation, to identify patients with progressive immune-mediated graft injury. Recent studies have questioned whether monitoring the cellular alloresponse during the late posttransplantation period should be based only on indirect alloreactivity or direct alloreactivity should also be assessed. 24, 26 ; therefore, we simultaneously measured the donor-specific cellular alloresponse by both direct and indirect pathways of allorecognition as well as the presence of circulating DSA in a group of longstanding living-donor kidney transplant patients. In contrast to a previous study that simultaneously determined direct and indirect naive and memory T cell responses in kidney transplant patients with chronic allograft nephropathy (CAN), 21 here we used the IFN-␥ Elispot assay to assess only primed effector/memory T cells. Also and different from previous Elispot studies evaluating the indirect pathway, 26, 27 we used allogeneic fragmented donor cells rather than allogeneic synthetic peptides to cover a broad spectrum of epitopes. The specificity of this method for analyzing indirect alloresponses was validated by using T cell lines for direct/indirect pathway. The advantage of this method compared with the one based on donor HLA-mismatch peptides is that it might reproduce more reliably what is happening in vivo, because the complete donor epitope repertoire including minor mismatches is present.
The direct pathway IFN-␥-Elispot frequencies measured in this study (on average 61 spots/300,000 PBMC) were considerably higher compared with previously published frequencies 28, 29 measured during the first 6 mo after transplantation (on average 20 to 30 spots/300,000 PBMC) as well as those observed by Poggio et al. 27 during a median follow-up time of 24 mo after transplantation (33 in patients with CAN and 9 spots/300,000 PBMC in control subjects). Our data suggest a splitting into two groups over time: Those developing donorspecific hyporesponsiveness and those with further increasing direct donor-reactivity, associated with good and poor graft function, respectively. These findings may be in conflict with the current empirical management of immunosuppressionthat is, the longer the patient after transplantation, the lower the immunosuppression is given. Although this could be applied to some patients, others might require enough immunosuppression to contain the donor-specific alloimmune response. In addition, indirect allosensitization is related to time after transplantation and to proteinuria. Hence, we can speculate that both direct and indirect pathway frequencies of IFN-␥-producing T cells seems to increase sequentially in some patients after transplantation and is associated with graft injury.
Interestingly, the direct pathway Elispot not only could identify patients with worse graft function but also could discriminate patients with the better renal function because they were donor-specific hyporesponders. In fact, this immunologic state was the solely significant variable associated with better renal graft function in the multivariate analysis. As previously pointed out, directly primed memory T cells have classically been viewed as losing their activity long after transplantation, because donor-derived APC leave the graft already during the first weeks. Nevertheless, some controversial data have been shown by various groups. On the one hand, Baker et al., 20 using limiting dilution analyses and a 6-d cytotoxic assay, found in a group of longstanding kidney transplant patients a universal donorspecific hyporesponsiveness by the direct pathway despite presence of CAN in many of them. On the other hand, Poggio et al., 26 using an IFN-␥ Elispot, showed significantly higher donor-specific frequencies by the direct pathway in patients with CAN than in control subjects with normal graft function. Reasonable explanations for these differences could be based on the different methods used. We and Poggio's group both worked with a sensitive IFN-␥ Elispot in which only memory/effector T cells were evaluated, instead of 6-d proliferative and cytotoxicity assays, assessing naive along with memory T cell responses, used by Baker et al. 20 There are two options to explain that directly primed memory/effector T cells are still active for a long time after transplantation. First, despite the absence of professional donor APC, EC or other graft cells would be able to maintain activated circulating memory/effector T cells directly primed early after transplantation by donor APC, because memory T cells need less co-stimulation than naive T cells and therefore are not dependent on professional APC for re-stimulation. Second, as shown in a recent elegant study performed by Lechler et al., 24 recipient DC, when co-cultured with allogeneic DC or EC, are able to acquire substantial levels of donor class I and II MHC-peptide complexes. These recipient DC, having acquired allogeneic MHC, can migrate to lymph nodes and prime T cells by both allorecognition pathways. The authors hypothesized that the decrease with time in antidonor frequencies observed by some groups 30 -32 could be explained as a result of a persistent direct pathway presentation, which would lead to an activation-induced cell death. Alternatively, it could be argued that this "third" semidirect pathway of allorecognition could also explain the continuous activation of memory/ effector T cells over time not only in an indirect way but also by a direct pathway. Interestingly, the number of HLA mismatches has been associated with worse outcome at the long term. 33 In fact, in our study, we could show a positive correlation between cellular alloreactive high-responder patients and the number of HLA mismatches, emphasizing the impact of HLA matching in the long term.
It is well accepted that the indirect pathway of allorecogni-tion is already active soon after transplantation, but, as previously mentioned, it seems to take increasing relevance with time as donor-derived APC are replaced by recipient APC. In line with this, a positive correlation between the indirect pathway Elispot and time after transplantation was observed in our study. This finding could also be explained by the progressive turnover of graft cells, which would lead to a continuous uptake of donor molecules by recipient APC. Consequently, these APC could progressively indirectly activate memory/effector T cells. Surprising, there was no association between the indirect pathway and graft function; however, in agreement with previous reports, 20, 21, 26, 34 a statistically significant association between indirectly primed memory T cells and proteinuria was found, suggesting that a persistent activation of this pathway also contributes to the development of chronic immune-mediated graft damage. Therefore, although graft histology was not available for our patients, a consistent relationship between donor-specific alloreactivity and established biologic markers of graft dysfunction was observed. Relevant experimental models [35] [36] [37] have suggested that the donor-specific humoral alloimmune response, in particular the isotype switch to IgG, seems to depend on the indirect pathway. Supporting this notion, in our study, the only patient with circulating DSA also had high frequencies of indirectly primed T cells; however, many patients with indirect pathway donor-specific memory T cells did not produce DSA.
The findings of our study support the idea that both antigen allorecognition pathways are detectable in longstanding living kidney transplant patients. In fact, patients with chronic allograft dysfunction showed persistent activation of cellular effector mechanisms, as a result of both direct and indirectly primed memory T cells. Thus, immune monitoring of alloreactive effector/memory T cells primed by both alloantigen presentation pathways with a sensitive in vitro assay such as the IFN-␥ Elispot may be helpful for recognizing patients with ongoing immune-mediated chronic rejection. The knowledge of the donor-specific alloimmune state would allow clinicians to make rational therapeutic decisions, either for increasing immunosuppression or, alternatively, for drug minimization.
CONCISE METHODS
Patients
We selected a group of 34 consecutive longstanding living-donor kidney transplant patients from the nephrology departments at the University Hospital of the Charité Campus Virchow (Berlin, Germany) and at the University Hospital of Bellvitge (Barcelona, Spain). Inclusion criteria were functional longstanding living-donor kidney transplants for at least 2 yr after transplantation and availability for obtaining patient and donor blood samples and patient's informed consent. The collection of material was approved by local ethical committees, and samples were obtained at both centers. Serum creatinine (mg/dl), GFR-MDRD, and a semiquantitative value of proteinuria in urinary dipsticks (Bayer Multitstix 10 VISNAL [Bayer, Leverkusen, Germany]; positive when Ͼ30 mg/dl) were used as biologic markers to evaluate chronic allograft dysfunction. Third-party cells were obtained from healthy volunteers of our laboratory who had previously been HLA typed. They were classes I (A and B) and II (DR) HLA mismatched with each patient. The same third party was used for both allorecognition pathways in every patient.
Serum DSA
Presence of anti-HLA alloantibodies in sera was evaluated in the last year before the study, using either ELISA or a complement-dependent cytotoxicity assay. 38, 39 In the case of a positive test, donor antigen specificity was evaluated.
Preparation of Responder and Stimulator Cells
Responder Cells
Recipient PBMC were used as Elispot responder cells for both direct and indirect allorecognition pathways. They were isolated from heparinized blood by standard density gradient centrifugation as described previously. 40 PBMC were subsequently stored in aliquots at Ϫ80°C until use.
Stimulator Cells for the Direct Pathway of Antigen Allorecognition
As stimulator cells, T cell-depleted PBMC were used. They were obtained after depleting T cells (CD3 ϩ ) from the whole donor blood using Rosette sep (StemCell Biotechnologies, CellSystems GmbH, St Katherinen, Germany) as recommended by the manufacturer. Then, next steps for stimulator cell isolation were performed as outlined before for responder PBMC isolation. Afterward, cells were stored in aliquots for later use at Ϫ80°C.
Donor Stimulating Antigens for the Indirect Pathway of Antigen Allorecognition
For obtaining donor antigens as stimulators for the indirect pathway, cytoplasmic membrane protein preparations of donor allogeneic cells were generated. First, PBMC were isolated by density gradient centrifugation as described previously. Then, preparation of membrane proteins was performed by subjecting these cells to three cycles of 20 min at Ϫ80°C and then rapidly thawed in a water bath at 37°C as described previously in detail. 20 No intact cells were found after microscopic examination in all fragmented samples. Presence of HLA classes I and II proteins from the fragmented cells was confirmed by Western blot analyses with anti-class I and anti-class II HLA antibodies (Invitrogen, Karlsruhe, Germany). Their size fitted to single soluble HLA molecules. The equivalent of 2 million fragmented PBMC were then stored in different aliquots for later use.
Short-Term Indirectly Primed Cell Line
With the aim of establishing that the indirect alloantigen presentation pathway could be correctly reproduced in vitro by using fragmented donor PBMC, a short-term T cell line was produced by mixing 2 ϫ 10 6 PBMC from a responder individual (A), previously labeled with carboxyfluorescein diacetate succinimidylester, with the equivalent of 4 ϫ 10 6 fragmented PBMC obtained from an allogeneic individual (B; HLA A, B, and DR mismatch) in 2 ml of complete medium (RPMI with 10% de-complemented FCS with antibiotics and L-glutamine) in a six-well cell culture plate. Negative and positive controls using only complete medium or phytohemagglutinin as stimulators were run in parallel. After incubation at 37°C and 5% CO 2 during 6 d, proliferation assessment via FACS analysis was done ( Figure 7A ). Then, 3 ϫ 10 5 of the resulting indirectly primed cells were tested for alloreactivity against 2 million of fragmented PBMC from the same donor (B) in an IFN-␥ Elispot assay (see Concise Methods section). Results are shown in Figure 7B .
Elispot Assay
IFN-␥ Elispot assay was performed as described previously in detail. 40 Briefly, 96-well plates (Millipore, Eschborn, Germany) were first coated with primary IFN-␥ antibody (BD Pharmingen, Heidelberg, Germany) and left at 4°C overnight.
For testing of the direct pathway, 100 l with 3 ϫ 10 5 responder PBMC in complete medium and 100 l with 3 ϫ 10 5 donor T celldepleted PBMC were tested in triplicate wells. A third party and a positive and a negative control were also done in each patient.
To test the indirect pathway, 100 l with 3 ϫ 10 5 responder PBMC in complete medium and 100 l with 2 ϫ 10 6 donor fragmented PBMC were placed in triplicate wells. Also, the same third-party cells used for the direct pathway and a negative and a positive control were tested. After 24 and 48 h of incubation (at 37°C, 5% CO 2 ) for the direct and indirect pathways, respectively, plates were washed with PBS and PBS-Tween-20. Biotinylated anti-IFN-␥ antibody was added and incubated overnight at 4°C. Then, streptavidin-horseradish peroxidase conjugate (BD) was added for 2 h. After a final wash, plates were developed with 3-amino-9-ethylcarbazol. Finally, resulting spots were counted using a computer-assisted Elispot reader (C.T.L. ImmunoSpot 4.0.13; Cellular Technology, Shaker Heights, OH).
Results are presented as mean values of Elispots detected in triplicate wells containing responder PBMC plus antigen or donor stimulator cells after subtracting the response of wells with responder or donor cells alone. We used Ͼ20 spots/3 ϫ 10 5 responder cells as threshold to define a positive test.
Definition of Donor-Specific Hyporesponsiveness
Donor-specific cellular hyporesponsiveness was defined as a negative donor-specific IFN-␥ test but positive anti-third-party IFN-␥ test.
Statistical Analysis
All data are means Ϯ SD. Groups were compared using the 2 test for categorical variables, the one-way ANOVA or t test for normally distributed data, and the nonparametric Kruskal-Wallis or MannWhitney U test for non-normally distributed variables. Spearman correlation was used to determine the relationship between quantitative variables. Stepwise linear regression and binary logistic regression analyses were performed to determine the independent correlation of several independent variables with serum creatinine and presence of proteinuria, respectively. All P values were two-tailed, and the statistical significance level was defined as a p Ͻ 0.05. We thank all patients who participated in the study. We are grateful to Dr. M. Hernandez-Fuentes for useful help in the development of the indirect pathway of antigen allorecognition. Also, we thank Dr. G. Gruetz and Dr. C. Meisel for interesting and helpful comments.
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